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Targeted disruption of the Flil gene results in embryonic lethality. To dissect the roles of functional domains
in Flil, we recently generated mutant FIil mice that express a truncated Flil protein (Flil*“™) that lacks the
carboxy-terminal regulatory (CTA) domain. Heterozygous FIil*“™ mice are viable, while homozygous mice
have reduced viability. Early postnatal lethality accounts for 30% survival of homozygotes to adulthood. The
peripheral blood of these viable FliI*“"/Fli1*“™ homozygous mice has reduced platelet numbers. Platelet
aggregation and activation were also impaired and bleeding times significantly prolonged in these mutant mice.
Analysis of mRNA from total bone marrow and purified megakaryocytes from FIiI*“™/Fli]*“"* mice revealed
downregulation of genes associated with megakaroyctic development, including c-mpl, gpllb, gplV, gpIX, PF4,
NF-E2, MafG, and Rab27B. While Flil and GATA-1 synergistically regulate the expression of multiple
megakaryocytic genes, the level of GATA-1 present on a subset of these promoters is reduced in vivo in the
FEIA“™FL 12" mice, providing a possible mechanism for the impared transcription observed. Collectively,
these data showed for the first time a hemostatic defect associated with the loss of a specific functional domain
of the transcription factor Flil and suggest previously unknown in vivo roles in megakaryocytic cell

differentiation.

The Friend leukemia integration 1 (Flil) gene is a member
of the Ets gene family of transcription factors, which bind to
the DNA consensus sequence GGA(A/T) (20, 54, 66). Flil is
preferentially expressed in cells of hematopoietic lineages and
vascular endothelial cells and has been shown to transactivate
megakaryocytic (MK) genes, including those encoding
GATA-1 (53, 66), glycoprotein IIb (gplIIb) (29, 64, 69), gpVI
(19), gpIX, gplIb (14), and c-mpl (13, 23). It has been demon-
strated that Flil expression promotes megakaryocytic differen-
tiation in K562 cells (3). Viral integration and insertional ac-
tivation of Fli-1 are associated with hematological cancers,
including erythroleukemia induced by Friend murine leukemia
virus (Friend-MuLV) (4), granulocytic leukemia induced by
the Graffi virus (12), primitive stem cell tumors induced by the
10A1 isolate of MuLV (42), and non-T, non-B lymphomas
induced by the Cas-Br virus (6). Overexpression of Flil results
in an increased number of mature B cells, which have a re-
duced activation-induced apoptotic response compared to B
cells from wild-type animals (68). Taken together, these results
suggested that Flil plays significant roles in hematopoiesis. To
clarify the physiological role of Flil in hematopoiesis, we (58)
and others (18) generated mice with a targeted disruption of
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Flil. Flil homozygous mutant (F/i1~’~) embryos showed hem-
orrhage from the dorsal aorta into the lumen of the neural
tube and the ventricles of the brain beginning on embryonic
day 11.0 (E11.0) and were dead on or before day E12.0. In
addition, severe dysmegakaryopoiesis (18, 25) and vascular
defects (18) were found. We also noted that livers of the E11.0
Flil~~ embryos were pale and contained primarily polychro-
matophilic and orthochromatic normoblasts (58). Subsequent
analyses of Flil chimeric mice revealed cell-autonomous de-
fects consistent with important roles of the Flil gene in my-
elomonocytic, erythroid, and NK cell development (36).

The Ets (winged helix-turn-helix [WHTH] DNA binding)
domain of human FLI1 is located between amino acids 277 and
361. Deletion analysis has identified two possible transcrip-
tional activation domains, designated ATA and CTA (49), for
amino-terminal transcriptional and carboxy-terminal transcrip-
tional activation domains, respectively. We recently generated
a new Flil allele that expresses a truncated Flil protein that
lacks the carboxy-terminal amino acids, including the CTA
domain. In this study, we describe in vivo characterization of
the biological significance of this activation domain, providing
novel evidence for the importance of Flil in megakaryocytic
differentiation and platelet function.

MATERIALS AND METHODS

Generation and identification of mouse lines carrying the recombined Flil
allele. The original vector we utilized to target Flil contained a selectable neo-
mycin gene under the transcriptional control of the RNA polymerase II (Pol IT)
promoter flanked by the loxP Cre recombinase recognition sequences. This
“floxed” neo cassette was inserted into the unique EcoRV site present in exon IX
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between the ETS DNA binding domain and the carboxy-terminal transactivation
domain (CTA). The resultant targeted allele has a termination signal provided by
the loxP sequence located between the DNA binding domain and the CTA
domain.

Flil heterozygous (Flil /FliI*) mice were crossed with cytomegalovirus
(CMV) Cre transgenic mice that express Cre recombinase in all tissues, including
germ cells [BALB/c-TgN(CMV-Cre)#Cgn; Jackson Laboratory, Bar Harbor,
ME]. Mice harboring the Cre transgene and recombined FIil allele were iden-
tified by PCR (described below), and those capable of germ line transmission of
the FIiIAC"™ allele were identified by crossing them with wild-type C57/BL6
mice. To minimize possible effects of the genetic background, Flil*T/Flil™
mice were backcrossed at least 10 generations prior to performing the studies
described here.

Genotyping. For genotyping of mice and embryos, we used PCR to detect
fragments of the wild-type Flil and targeted Flil alleles. The PCR was carried
out as follows: 94°C for 2 min, followed by 35 cycles (94°C for 1 min, 68°C for 1
min, and 72°C for 1 min). A 309-bp fragment indicates the presence of the
wild-type allele. After Cre-mediated excision of the floxed neomycin cassette, the
recombined FliIACTA allele (FIi1*“"™) retains a single loxP element as well as
sequences derived from cloning, resulting in a 362-bp (309 + 53 bp) fragment. A
406-bp fragment is amplified from the original targeted allele (Flil ™) (58).

Primers used were as follows: Flil Exon IX/Forward primer (1156 to 1180),
GACCAACGGGGAGTTCAAAATGACG; Flil Exon IX/Reverse primer
(1441 to 1465), GGAGGATGGGTGAGACGGGACAAAG; Pol II/Reverse
primer, GGAAGTAGCCGTTATTAGTGGAGAGG.

Western blotting. Homogenates from wild-type, heterozygous, and homozy-
gous mutant Flil embryos were prepared by lyses in radioimmunoprecipitation
assay (RIPA) buffer in the presence of protease inhibitors (Sigma-Aldrich).
Sonicated lysates were clarified by centrifugation, and the protein concentration
of supernatants was determined using the Bio-Rad assay (Bio-Rad Laboratories,
Hercules, CA). Thirty micrograms of each protein extract was separated on an
SDS-12.5% polyacrylamide gel and transferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were incubated for 2 h with Flil polyclonal
antibody (made against full-length human FLI1) and then with horseradish
hydroperoxidase-labeled secondary antibody (Amersham, Piscataway, NJ). An-
tibody was detected using ECL (Amersham). The presence of equivalent protein
loading was verified by reprobing stripped membranes with B-actin (Sigma)
antibody.

Antibodies. The following monoclonal antibodies were purchased from BD
Pharmingen (San Diego, CA): purified anti-CD42d (1C2; hamster IgG3), phy-
coerythrin (PE)-conjugated anti-CD41 (MWReg 30; rat IgG1k), fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD41 (MWReg 30; rat IgG1k), FITC-con-
jugated anti-CD62P (P-selectin; RB40.34; rat IgGI\N), and allophycocyanin
(APC)-conjugated anti-CD34 (RAM34; rat IgG2a). Isotype controls were also
purchased from BD Pharmingen. FITC-conjugated anti-CD61 (2C9.G3; Arme-
nian hamster IgG) antibodies were purchased from eBiosciences (San Diego,
CA). Secondary FITC-conjugated antibodies were purchased from Jackson Im-
munoResearch Laboratories (West Grove, PA).

Cell preparation. (i) PB and BM isolation. Peripheral blood (PB) was obtained
from anesthetized mice either by retro-orbital plexus puncture using heparin-
coated micropipettes (Drummond Scientific Co, Broomall, PA) or by terminal
cardiac puncture. Red blood cells were lysed with 1X PharM Lyse lysing buffer
(BD Pharmingen) and washed twice with Ca?-, Mg>-free phosphate-buffered
saline (PBS) (Life Technologies, Grand Island, NY) containing 0.1% bovine
serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO). Bone marrow (BM) cells
were flushed from femurs and tibiae, pooled, and washed twice with PBS con-
taining 0.1% BSA. BM samples were made into single-cell suspensions by trit-
urating and filtering through a 40-pm nylon mesh.

(if) MK isolation. For isolation of CD34* CD41" CD42~ megakaryocytic
cells, single-cell suspensions of BM cells were prepared and stained as described
above, and CD34™" CD41" CD42~ cells were sorted using a MoFlo cell sorter by
gating on the CD41" population of cells and sorting the CD34" and CD42~
population. The purity of the cells was confirmed by flow cytometry and found to
be >93% in each sort.

Cytochemical studies. BM cells were flushed from femurs and tibiae of mice,
washed in PBS containing 0.1% BSA, and processed to single-cell suspension.
BM cells were then centrifuged in a Cytospin 2 centrifuge (Shandon, Pittsburgh,
PA), dried, and processed for acetylcholinesterase staining (24). The procedure
for quantification of megakaryocytes was adapted from the manufacturer’s in-
structions (MegaCult-C: assay for the quantitation of human and murine
megakaryocytic progenitors, a technical manual; StemCell Technologies, Van-
couver, Canada). Based on this protocol, cytospun samples were incubated in
staining solution for 6 h. This allowed immature megakaryocytes containing low
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levels of acetylcholinesterase and mature megakaryocytes with high acetylcho-
linesterase content to be differentiated based on their staining intensity. The total
number of cells staining red-brown (immature MK) and those staining dark
brown-black (mature MK) were counted for each slide. These values were also
expressed as percentages of total cells examined.

Flow cytometry. For platelet (PLT) analysis, PB cells were stained with FITC-
conjugated CD41. For megakaryocyte analysis, BM cells were stained with PE-
conjugated anti-CD41, purified anti-CD42d (followed by FITC-conjugated sec-
ondary antibody), and APC-conjugated anti-CD34. Platelet surface expression of
CD41 and CD42d or CD41 and CD61 was measured using PE-conjugated
anti-CD41, purified anti-CD42d (followed by FITC-conjugated secondary), and
FITC-conjugated anti-CD61 antibodies. Platelet activation was examined using
PE-conjugated anti-CD41 and FITC-conjugated anti-CD62P.

All cells were stained with propidium iodide at a concentration of 1 wg/ml, and
the cells were washed twice and resuspended in PBS containing 0.1% BSA for
analysis using a FACSCalibur (Becton Dickinson Bioscience, San Jose, CA) or
MoFlo (Dako Cytomation, Ft. Collins, CO) cell sorter.

Analysis and isolation of megakaryocyte subpopulations in bone marrow.
Single-cell suspensions of BM cells were prepared as described above and then
immunolabeled with the following antibodies: PE-conjugated anti-mouse CD41,
APC-conjugated anti-mouse CD34, and purified anti-mouse CD42d, followed by
FITC-conjugated anti-Armenian hamster IgG(H+L). Cells from wild-type and
FLIACT/Fli1A“™ mice were then analyzed by flow cytometry (FACSCalibur) to
determine the percentage of bone marrow cells that were CD41 positive. CD41"
cells were then analyzed for their expression pattern of CD34 and CD42.

Bleeding time assays. Mouse tail bleeding times were determined as previously
described (30). Briefly, a 2-mm portion of distal tail was removed from anesthe-
tized 4-week-old mice at weaning, and the tail was immersed in isotonic saline
(37°C). A complete cessation of blood flow was defined as the bleeding time.
When bleeding time exceeded 4 min or bleeding was so extensive as to risk
terminal bleeding, measurements were stopped.

Preparation of platelet-poor plasma and platelet-rich plasma. Whole blood
was obtained by puncturing the right ventricle of anesthetized mice. Blood was
anticoagulated by collecting into a 1/10 volume of a solution containing 130
mmol/liter of citric acid, 125 mmol/liter of trisodium citrate, and 110 mmol/liter
of glucose. Manual (microscopic) cell counts of platelets were performed using
a Nikon microscope (magnification, X100). Platelet-rich plasma (PRP) was iso-
lated by centrifuging the whole blood at a low speed (100 X g, 8 min, 22°C).
Platelet-poor plasma (PPP) was prepared by centrifuging the whole blood at
2,000 X g for 30 min (22°C). Both platelet-poor plasma and platelet-rich plasma
were used within 1 h after preparation.

Platelet aggregation and activation. PRP from 3 to 5 mice was pooled to
measure platelet aggregation. To determine platelet aggregation, light transmis-
sion was measured using PRP diluted to 5 X 10° cells/ml with PPP. Transmission
was recorded in a 4-channel aggregometer (whole-blood lumi-aggregometer
[Ca®*]; Chrono-log Corporation, Havertown, PA) over 5 min and was expressed
as arbitrary units with 100% transmission adjusted with PPP. To measure
changes in transmission, PRP samples (450 ml) were incubated with stirring for
2 min at 37°C prior to induction of platelet aggregation by the addition of ADP
(1 uM) or thrombin (0.5 U) (Chrono-log Corporation). The baseline was set with
PRP, and the maximal possible light transmission was set with PPP.

Flow cytometry to evaluate activated platelets. Platelet-rich plasma samples
were incubated in the presence of 0.1 U thrombin for 10 min at 37°C. Samples
were then fixed in 2% formalin for 30 min at 37°C, washed in PBS, and stained
for 20 min with phycoerythrin-conjugated anti-CD41 (to label total platelets) and
with FITC-conjugated anti-CD62P (P-selectin) (to label activated platelets).
Analysis by flow cytometry was then conducted on the MoFlo cell sorter.

Real-time PCR. Total RNA was extracted from BM nuclear cells, and
megakaryocytes were prepared from wild-type Flil and FlilA“™/Fli]*“™ ho-
mozygous mice using the Trizol reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. One pg of total RNA was reversed transcribed
using Superscript II single-strand synthesis reverse transcriptase [RT] (Invitro-
gen). Aliquots from this reaction were subjected to real-time PCR using the
indicated gene-specific primers (Table 1). The Flil primers are directed toward
a region present in both wild-type and mutant alleles. Hypoxanthine phospho-
ribosyl transferase (HPRT) served as the control. The reaction mixture con-
tained 1.5 mM Mg2™, 0.2 mM deoxynucleoside triphosphates (ANTPs), 1X Tag
Gold buffer, 0.88 pmol/ml primers, and 0.02 U/ml Tag Gold.

Real-time PCR was performed with the Platinum SYBR green qPCR Super-
Mix UDG (Invitrogen) using a LightCycler 2.0 PCR system (Roche, Nutley, NJ).
The cycling conditions for all genes were as follows: preincubation at 50°C for 2
min and 95°C for 2 min, followed by 30 to 50 cycles of denaturation at 94°C for
5's, annealing at 1 degree below the lowest melting temperature (7,,,) for a given
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TABLE 1. PCR primers used for real time RT-PCR
Gene name Forward primer Reverse primer lggtp}:l?gg) Accession no T, (CC)*
gpllb CGGTGCTGACAATGTGTTGGA GGATTCTGGCTGTTCTTGCTCC 318 NM_010575 57
gV GCGTTCATCGTGTTTGCCAT TAACCCAGGCCAGGCTAGAAAG 280 NM_008148.3 60
gpIX TGTACTGTGCCAGCCCTGACTT AAGTGTCTTTGCCCATGAGGC 320 NM_018762 58
CD41 TGCCGTGGTATTGCATGGA CAGACAAGCCTCTCAAAGCCCT 267 NM_010575 58
CD61 CCTCCAGCTCATTGTTGATGCT ACGGTGAGGCTGTCCTTAAAGC 261 NM_016780 60
P-selectin GGATTGATGAACCGTTGCACA CCAAACCCTGAGAGTGGCATCT 252 NM_011347 60
PECAM-1 CTTCGGTGCTCTGTGAAAGAGG CCAATGACAACCACCGCAAT 269 NM_001032378 59
NFE2 AACAAGGTGGCAGCCCAAA GCCAGATTCATCCCGAAGATG 305 NM_008685 58
Rab27B AGCAGATGGAGCGTCAGGAAA TGTCCTGTAGCTGCGCTTGTTT 333 NM_030554 59
MAFG CACGCCTGTGTTTCGTACGTT GGAAAGCGCTCAAATCCCA 202 NM_010756 61
MAFK CTAATCCCAAGCCCAACAAGG TCTGTGTCACACGCTTGATGC 219 NM_010757 61
RUNX1 TCATGGCAGGCAACGATGA CGTCCACTGTGATTTTGATGGC 201 NM_009821 60
Tubulin B1 ~ ATGAGCGGAATCACGACTTCAC TCTGAATGGACAGCAGCTGTTG 307 XM_988085 60
PU.1 AGGCGTGCAAAATGGAAGG TCTCACCCTCCTCCTCATCTGA 411 M38252 60
GATA-1 TAAGGTGGCTGAATCCTCTGCATC CCGTCTTCAAGGTGTCCAAGAACGT 445 NM_008089 58
c-mpl ATGCCTACCGAGGAGAGAAGCC GCCATAGCGGAGTTCATGCC 317 NM_010823 60
ITGB1 CGCATTGGCTTTGGCTCAT AAGTGAAACCCAGCATCCGTG 311 NM_010578 58
PF4 CCGAAGAAAGCGATGGAGATCT CCAGGCAAATTTTCCTCCCA 162 NM_019932 60
Fli1 TGCTGTTGTCGCACCTCAGTTA TGTTCTTGCCCATGGTCTGTG 204 NM_008026 60
HPRT GCTGGTGAAAAGGACCTCTC ATGGCCACAGGACTAGAACAC 254 J00423 62

“T,, annealing temperature.

primer pair (Table 1) for 5 s, and extension for 45 s at 72°C, with a single
acquisition of data at the end of each extension. All ramping was done at 20°C
per second. Relative expression analysis was conducted using the software pro-
gram LinRegPCR (48).

Cell culture, transfections, and transient luciferase assays. HeLa cells were
maintained at 37°C under 5% CO, in Dulbecco’s modified Eagle minimum
essential medium supplemented with 10% fetal bovine serum (GibcoBRL, Carls-
bad, CA). Transient transfections were carried out using Fugene VI reagent
(Roche) as per the manufacturer’s directions. Green fluorescent protein (GFP)
reporters used under these conditions showed 70% to 80% transfection efficiency
in these cells. For reporter assays, cells were seeded the day before transfection
in 6-well plates. Equal amounts of DNA were maintained in each transfection by
addition of the pSGS5 and pcDNA3.1 vectors. Cell lysates were prepared and
reporter assays carried out as per the manufacturer’s protocols. Cells were
harvested 48 h after transfection, and luciferase activity was measured using a
luciferase assay kit (Promega) using equivalent volumes of protein extract. All
transient reporter assays were performed in triplicate, and results were normal-
ized to the total protein concentration because dual-reporter vectors are mod-
ulated by transcription factors and are Ets responsive (5, 40, 67).

TABLE 2. Primers for real-time PCR ChIP analyses

Primer name

GPIIb F.....ccevvvia GCCATGAGCTCCAGTCTGATAA
GPIIb R.. ...AGCTCTTTCCCTTTCCCTGAA
c-mpl F.... ...CTGCCAACAGAAGGCTCATG
c-mpl R... ....C TGTCAGATACAGCCCCACGT
GPIX F... ....GCCTCCTGGCCCTGACA

GPIX R... ... TGTGGCTGCTGCCTGACA

GPIb F.... .. TGGTGGCTAGTAGCTGCAAAGTC
GPIb R. .. TTATCAGCTCTCTGCACAGCATTC
PF4 F.... ... GCTGCTGGCCTGCACTTAAG

Sequence (5'-3")

PF4 R.............. ... GCCACTGGACCCAAAGATAAAG
PECAMI-P4F ............TATTGTCGGAGAAGCTGGCC
PECAMI-P4R.............GGACAAGGAGGTTTTATTTCCACTC

mCD61-P216F...

. .. TTCCACACCCTTCCTCCAGA
mCD61-P366R ..

...CTCCATCCCCAGCACTACGT
mgpV-P433F...... ....CTAGGACAGCAGAAAGAACCCTTG
mgpV-P584R ..... ..TTTGTGGACGGAGTCACTGACT
Negative Cont F”......... AAATAGATGTCAAGTTGGCATAAACCT
Negative Cont R.......... TGCCAGCGTTCAAGTACAAAA

“ Negative control: upstream gplIb region which lacks a functional Ets site.

Plasmid constructs. A 1,026-bp fragment of the human c-mpl promoter
(—922/+104) was amplified from normal human placenta genomic DNA by PCR
(13, 38). The 5’ primer (5'-CGGAATTCGGCAGGGTAAGGAGTGTGAG-3")
and the 3" primer (5'-CGGAATTCTCACCTTGGCTGCTGACTTG-3") con-
tain the recognition sequence for EcoRI. The resultant PCR product was iso-
lated, digested with EcoRI, and cloned into EcoRI sites of the pBluescript IT KS
vector (Stratagene) to generate the pBluescript c-mpl vector, and the sequence
was validated by automated sequencing (MUSC Sequencing Facility). The hu-
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TABLE 3. Flow cytometric analysis of PB from wild-type, Flil*“™!/* heterozygous, and Flil*“™/Fli1*“™ homozygous mice

Cell count®

Factor

Wild type (n = 5) FLIACTAY (n = 5) FLiIACTAJF[j]ACTAP
RBC 965.60 = 110.67 948.00 = 219.36 883.00 = 253.00
WBC 10,930.00 = 1,944.09 11,510.00 = 2,633.30 11,770.00 = 1,698.75
PLT 69.55 = 18.88 57.06 = 13.77 19.24 + 8.84*%

“n = 5 mice for all groups. Units: RBC, X 10%ul; WBC, cells/ul; PLT, X10%ul.Values represent means + SD.
b, P = 0.006 when compared to results for the wild type, Student’s ¢ test; F, P = 0.009 compared to results for heterozygous mice, Student’s ¢ test.

man c-mpl reporter plasmid (—218/+46) was constructed using the pBluescript
c-mpl plasmid described above by digestion with Stul and BstEIIL After filling in
with Klenow polymerase, the resultant fragment was cloned at the Asp718 site of
the pGL2 basic vector (Promega, Madison, WI) to generate pGL2 c-mpl —218/
+46. The insert ends were sequenced to identify clones with proper orientation.

Full-length mouse Flil (mFlil) cDNA in the pPGEM7 vector was generated as
previously described. mFlil*“T was generated by ligation of a duplex oligonu-
cleotide (5" CTC GAG CTC GCG AAA GCT TAT AAC TTC GTA TAG) with
mFlil previously linearized with EcoRV, providing the sequence and termination
codon from the loxP cassette in the original targeting vector. mFlil and
mFlilA“T™ inserts were released by digestion with EcoRI and recloned into
pSGS5 linearized with EcoRI.

ChIP. MK cells (4 X 10°) were isolated from wild-type and Flil*“"/Fli]A¢"
mice. Chromatin immunoprecipitation (ChIP) assays were adapted from the
method of Boyd et al. (8) with modifications as described previously (23) using
Flil rabbit polyclonal antibody, described above (Western), or a commercially
available GATA-1 antibody (Santa Cruz, Santa Cruz, CA). DNA isolated using
the ChIP assay was linearly amplified using the REPLI-g Mini whole-genome
amplification system (Qiagen), following the manufacturer’s instructions. For the
total input control, 20 ng of input DNA was used for the whole-genome ampli-
fication in a 50-pl total reaction mixture. Following the whole-genome amplifi-
cation process, total input control amplified DNA samples were diluted (1:10) in
Tris-EDTA (TE) buffer. Immunoprecipitated amplified DNA samples were di-
luted 1:2 in TE. Two microliters of the diluted DNA samples were used for PCR.
The specific primers for the examined promoters are indicated in Table 2.

Computational analysis. Putative transcription factor binding sites were pre-
dicted using the MatInspector professional software program (Genomatix) (46).

Statistical analysis. Student’s paired ¢ test was used to analyze the statistical
significance of the differences between values obtained for wild-type and
FHIACTYFIiTA™ mice. A P value of =0.05 was considered statistically signifi-
cant. For flow cytometric studies, the two-sample equal-variance ¢ test was used
to analyze the statistical significance of the differences between values obtained
for wild-type and Flil*“™/Fli1*“™ mice except in cases where results of an F
test indicated unequal variance. A P value of =0.05 was considered statistically
significant.

RESULTS

Generation and identification of mice carrying the recom-
bined Flil allele. To define the in vivo function of the CTA
domain and as a possible means to further assess the hemato-
poietic defects in the Flil null mice, we generated a new mu-
tant Flil line by loxP/Cre-mediated removal of the neomycin
gene present in the Flil locus of our original targeted mice.
The resultant targeted allele also contains termination signals
provided by sequences flanking the loxP element located be-

tween the DNA binding domain and the CTA domain. Thus,
this new Flil allele is predicted to express a truncated Flil
protein (amino acids 1 to 384) that lacks the CTA domain
(amino acids 402 to 452) (Fig. 1A).

We obtained heterozygous FlilACTA (Flil */Fli1*“™) mice
capable of germ line transmission of the truncated Flil gene
via in vivo Cre recombination in germ cells (Fig. 1B). Total
protein was prepared from spleen and thymus tissue from
wild-type mice and heterozygous and homozygous mutant
mice. Mice harboring this recombined Flil (Fli1*“™) allele
express the expected-size truncated Flil protein that lacks the
CTA domain (Fig. 1C).

Reduction of platelets in Flil*“"/Fli1*“"* mice. Heterozy-
gous Flil*“™ mice are viable, while homozygous mice have
reduced viability. At 4 weeks of age, Flil*“™/Fli]*“™ mice
accounted for less than 9% of the offspring (Flil™'™", Flil*/
FIi12™  and Flil*“"™/Fli1*“™, 31.2%, 59.8%, and 9.0%, re-
spectively; n = 1,559), indicating ~70% lethality. A retrograde
genotypic analysis was conducted. Genotypes of embryos at
E18 showed a normal Mendelian ratio (FLI‘'", Flil™"/
Fli1*“™ and Flil*“™/Fli1*“™, 24%, 55%, and 22%, respec-
tively; n = 29), supporting the model that the homozygous
mice have partial perinatal lethality. Surviving Fli14“"/
FIi1*“™ mice are smaller, weighing 15% (females) to 20%
(males) less than their wild-type littermates at 6 weeks (P <
0.01).

The peripheral blood (PB) of viable Flil*“"*/Fli]*“" ho-
mozygous mice demonstrates a statistically significant ~3-fold
reduction in circulating platelet (PLT) numbers (Table 3) (P =
0.006). The results obtained by quantifying CD41-positive cells
by flow cytometry were confirmed by direct microscopic count-
ing (98.5 X 10* = 10.3 X 10%/ul and 32.9 X 10* = 3.9 X 10%/ul)
for wild-type and Fli1*“"/Fli1*“™ homozygous mice, respec-
tively; P < 0.01). These findings support the model that the
absence of the CTA domain affects platelet development.
There was no significant difference in circulating platelet num-
bers between wild-type and heterozygous mice (Table 3). We
next examined whether a difference in the platelet half-life
contributes to the thrombocytopenia of mutant mice. Analysis

TABLE 4. Analysis of acetylcholine esterase-positive MKs in BM from wild-type and Flil*“"/Fli]*“™ B6 mice*

MK count
Mice” Total cells counted % Total MKs
Immature Mature Total
Wild type 4.00 = 4.00 3.60 = 1.67 7.60 = 4.56 14,644.80 = 7884.59 0.056 = 0.022
Fli]ACTA Rl 1ACT 4.60 £ 1.52 4.00 = 1.58 8.60 £ 2.51 19,764.00 = 7,466.07 0.051 = 0.028

“ Values represent means + SD. Student’s ¢ test shows no statistical difference in total numbers of MKs (P > 0.679) or % total MKs (P > 0.765).

?n = 5 mice for both groups.
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TABLE 5. Analysis of megakaryocytic subpopulations in BM from wild-type and Flil*“™/Fli]*“™ B6 mice”

% Gated on CD41" cells

Mice % CD41*
cells CD34* CD42~ CD34* CD42+ CD34~ CD42+
Wild type (n = 5) 22.82 + 6.87 5.06 = 1.16* 0.19 = 0.08 1.37 £ 0.32
FLIACTAFLi1AC™ (n=Y5) 17.28 = 3.98 11.34 = 2.64* 0.18 = 0.02 1.37 £ 0.33

“ Values represent means + SD. *, P < 0.001, Student’s ¢ test.

showed that there was no statistically significant difference
between wild-type and Flil*“"/Fli1*“"* mice throughout the
72 h of study (P = 0.05 in all cases). The platelet half-life was
shown to be ~48 h for both genotypes (data not shown).

The reduced platelet number could be due to a reduced
megakaryocyte (MK) number or a decrease in the breakdown
of MKs to form platelets. The total numbers of bone marrow
(BM) MKs were similar between the wild-type and Fli1*“"/
FIi1*“™ homozygous mice (Table 4), suggesting that Flil reg-
ulates the release of platelets from MKs. Since we did not find
a significant difference in acetylcholinesterase-positive cells
from BM (P > 0.679), flow analyses were performed to more
carefully examine whether megakaryocytic development was
affected in the Flil*“"™/Flil*“"* mice. The numbers of more-
mature (CD34" CD41" CD42"* and CD34~ CD41" CD42%)
MKs were less affected than those of the intermediately ma-
ture (CD34" CD41" CD427) cells, which were elevated ~2-
fold in the FiI1*“™/Fli1*“™ mice (Table 5 and Fig. 2), sug-
gesting that CTA domain-associated Flil function may be
especially important for the maturation of this subpopulation.
CD41% BM cells were analyzed by flow cytometry for the
percentage of megakaryocytes in each ploidy class. No statis-
tical difference was found (P = 0.05) in megakaryocyte ploidy
between wild-type and FliI*“™/Fli]*“"* mice (data not
shown).

Prolonged bleeding time in FliI*“"*/Fli]*“™ mice. To de-
fine the role of Flil in hemostasis, tail bleeding time assays
were performed (Fig. 3A). In wild-type and heterozygous mice,
bleeding was typically arrested within 1 min (mean, 72.1 =10 s)
after the tail tip segment was cut, whereas bleeding times in
FLiIAC™ Fli1*“"™ mice was significantly prolonged (214.2 =16
s) (P < 0.001). Indeed, the severity of bleeding often necessi-
tated termination of the assay prior to 4 min (in 4 of 13
homozygous mice analyzed).

Platelet aggregation and activation are reduced in Fli]*“"/
FIi1A¢™ mice. Platelet adhesion, activation, and aggregation
are critical for control of blood loss and coagulation following
vascular injury. Platelet aggregation studies were performed
with FliIA“T/Fli]A“" and wild-type mice (Fig. 3B). After
exposure to ADP, platelets purified from Flil*™/Fli]~<™
mice failed to aggregate. Closer examination of the data sup-
ports the model that platelets from the Flil*“™/Fli1*“™ mice
undergo agonist-dependent shape change but do not show the
subsequent aggregation observed in wild-type mice. A similar
phenotype was observed in response to another agonist,
thrombin.

We performed platelet activation studies with five Fli]*<%/
FlilA“™ mice and six normal control mice by measuring the
appearance of P-selectin on the platelet cell surface in re-
sponse to thrombin. This analysis showed a nearly 3-fold re-

duction in activation of mutant platelets by thrombin (Table 6
and Fig. 3C).

Flil contributes to surface expression of membrane recep-
tors, CD42 and CD61, on murine platelets. Platelet adhesion
and activation require proper expression of surface glycopro-
teins. Flil DNA-binding sites are present in the regulatory
sequences of multiple MK glycoprotein-encoding genes, and a
reduction in expression of these glycoproteins may therefore
account for the inhibition of the response of platelets to ADP
and thrombin. Surface expression of CD42 (gplb, the and von
Willebrand factor [vWF] receptor) and CD61 (integrin B3) was
measured using FITC-conjugated murine-specific antibodies
and demonstrated a 3-fold and 1.7-fold reduction in expression
of CD42 and CD61, respectively, relative to results for the
wild-type platelets (Table 6 and Fig. 3D).
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FIG. 2. Representative flow cytometric analysis of bone marrow
megakaryocytic populations from wild-type and FL14“7/Fli]A¢™
mice. Bone marrow samples from wild-type (left panels) or Flil~™/
Fli1*“™ (right panels) mice were analyzed for the total percentage of
cells expressing CD41, denoted by M2 (upper panels). Samples were
then gated on CD417 cells (M2) and analyzed for percentages of cells
in three subpopulations (lower panels): CD34%/CD42~ (upper left
quadrant), CD34*/CD42" (upper right quadrant), and CD34~/CD42*
(lower right quadrant). All samples were analyzed using established
gates and uniform quadrant parameters. Percentages in each popula-
tion for representative wild-type and Flil*“"™/Fli]*“™ mice are given
in each quadrant.
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FIG. 3. Prolonged bleeding times and defective platelet aggregation and activation in Fli*“™/Fli1*“™ mice. (A) Bleeding time measurements:
mice were anesthetized, and a 2-mm segment of the tail tip was cut off with a scalpel. Tail bleeding times of wild-type (n = 31), heterozygous (n =
73), and homozygous (n = 13) mice were monitored visually. Each circle represents one mouse, and horizontal lines indicate averages of bleeding
times. The experiment was stopped after 4 min or when bleeding was too severe (circled homozygous n = 4 mice). (B) Platelet aggregation was
used to monitor responses of wild-type and Flil*“"/Fli1*“™ platelets to ADP and thrombin. (C) Platelet activation: PRP samples from wild-type
(left panel) or FliT*“™/Flil*“"™ (right panel) mice were analyzed for the percentages of cells expressing CD41 and/or CD62P. All samples were
analyzed using established gates and uniform quadrant parameters on a MoFlo cell sorter. Percentages in each population for representative
wild-type and Fli1*“"/Fli1*“™ mice are given in each quadrant. (D) Measurement of platelet surface glycoprotein levels. Peripheral blood was
obtained by cardiac puncture from wild-type (left panels) or FIil*“"/Fli1*“™ (right panels) anesthetized mice. The percentage of CD41% cells
that coexpressed CD61 (upper panels) or CD42d (lower panels) was then examined. All samples were analyzed using established gates and uniform
quadrant parameters on a MoFlo cell sorter. Percentages in each population for representative wild-type and Fli1*“"/Fli1*“™ mice are given in
each quadrant.

Regulation of megakaryocytic development genes in
FLIAC™FILi1*¢™ and wild-type mice. The defective mega-
karyocytic phenotypes identified in this mouse model support

poiesis. To test this hypothesis, real-time RT-PCR analyses of
potential targets of Flil that may contribute to the altered
megakaryopoiesis seen in Flil*“T*/Fli1*“™ cells were per-

the model that absence of the CTA domain of Flil contributes
to altered MK differentiation and reduced platelet numbers.
Based upon these novel observations, we hypothesized that the
identification of differentially expressed transcripts in
FLiIACTAFLiTAC™ and wild-type mice would define genes that
are regulated by Flil and play important roles in megakary-

formed, and multiple transcripts demonstrated statistically sig-
nificant changes (Fig. 4 and Table 7). It is important to note
that the Flil mRNA levels were not significantly different in
BM from those for Flil*“"*/Fli]*“"" and wild-type mice (Fig.
4A and Table 6). Flil is required for expression of c-mpl (25),
and consistent with the observed MK and platelet phenotypes,
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TABLE 6. Flow cytometric analysis of platelet activation and surface marker expression of PB from wild-type and Flil*¢™/Fli]~¢™
homozygous mice®

Platelet characteristic

Value for mice

analyzed Population Wild type Fli]ACTAFj]ACTA P value
(n = 6) (n =15)
Activation CD41™" total 90.16 + 10.18 93.17 = 2.02 0.51
CD41" pSel™ 69.87 = 7.15 85.19 = 2.58 0.001*
CD41" pSel ™ 20.29 £ 6.14 7.98 £ 1.52 0.004*
Surface marker expression CD41" CD61™" 2.08 = 0.84 1.19 = 0.44 0.03*
CD41*" CD42d™" 1.93 = 0.64 0.59 = 0.22 0.001*

“ Values represent mean % of total population = SD. n = 6 wild-type and 5 Flil*“"/Fli]*“"* mice. *, P =< 0.05, Student’s ¢ test.

real-time quantitative RT-PCR analysis of mRNA from total
BM cells from Flil1*“"/Fli]*“™ mice revealed a statistically
significant 1.6-fold downregulation of c-mpl. Platelet glycopro-
tein IIb (gpllb) and the glycoprotein IX (gpIX) were 3-fold
and 3.5-fold downregulated in BM cells obtained from
FLiI*™ [Fli1*“™ mice. Similarly, a 2.3-fold reduction in the
levels of glycoprotein V (gpV) was observed. We next exam-
ined the level of gene transcripts for those with altered expres-
sion during normal terminal differentiation of megakaryocytes
to platelets, including NF-E2 and its cofactors, MafG, MafK,
Runx1, RAB27B, and tubulin 1. The mRNA levels for NF-
E2, MafG, and two NF-E2 targets, RAB27B and tubulin B1,
were significantly changed (2.1- to 9.3-fold) in BM in the
FLIACTAFLTAC™ mice. We also noted that Bl-integrin
mRNA is significantly reduced (3.4-fold) in Flil*<"*/Fli]*<™
mice.

The presence of Ets binding sites and the observed altered
expression of specific genes in the Flil*“T4/F1i14<T* cells sup-
port the model that they may be direct Flil targets. However,
it is possible that the block in lineage differentiation may result
in an insufficient number of cells that express the gene in
question. To address this possibility, we next determined
whether the observed expression changes were maintained in
individual cell populations. MKs were isolated from total BM
by flow sorting. It is important to notice that analysis of mRNA
expression in enriched MKs indicated that each of the changes
observed in the BM population were retained in the MK pop-
ulation (Fig. 4B and Table 8). While Runxl and GATA-1
mRNA expression were not significantly different in total BM,
we note a statistically significant decrease in these levels in the
MKs of Flil*“™/Fli1*“™ mice.

CTA deletion of Flil affects interaction with GATA-1 in vivo.
The functional activity of Ets factors is modulated by interac-
tion with other nuclear proteins. The ability of Flil and
GATA-1 to act synergistically to regulate gene transcription of
multiple megakaryocytic genes is well established. We and
others have previously demonstrated that Flil and GATA-1
synergistically activate the c-mpl promoter in vitro and cooc-
cupy this promoter in vivo and chose this model promoter to
compare the activities of the Flil and Fli1*“"™ proteins. Tran-
sient-transfection studies indicate that the Fli1*<™ protein is
less able to stimulate promoter transcription than the full-
length wild-type Flil protein (Fig. 5A, compare lanes 2 and 5).
Moreover, only wild-type Flil can synergize with GATA-1,
increasing promoter activity.

To further examine Flil direct target genes that may con-

tribute to the phenotype of the FLil*“T4/Fli12<™ cells, we
prepared chromatin from isolated MK cells and performed
chromatin immunoprecipitation (ChIP) studies (Table 9).
Based upon the observed reduction in the c-mpl transcript
levels in RNA prepared from BM and purified MKs from
FiIA“™Fli1*“™ mice (Fig. 4), we investigated whether both
Flil and Fli1#<™ are able to recruit GATA-1 to this promoter
in vivo. ChIP analyses using anti-Flil and anti-GATA-1 anti-
bodies were performed (Fig. 5C) . Real-time quantitative anal-
ysis demonstrated that the c-mpl promoter region was detected
in the anti-Flil-ChIP enriched fragments from both Flil*/*
and FlLil*“T4/Fli14<™ cells. In contrast, the c-mpl promoter
was significantly more enriched in the anti-GATA-1-ChIP
fragments prepared from the wild-type (Flil™™) cells. Consis-
tent with the failure of Fli1*“"™ and GATA-1 to synergistically
activate the c-mpl promoter-luciferase reporters in vitro,
Fli1*“™ is not able to efficiently recruit GATA-1 to this pro-
moter in vivo.

Flil and GATA-1 function synergistically to regulate multi-
ple megakaryocytic genes, including those encoding gpllb,
gp VI, gpIX, gplb, and c-mpl. The expression of multiple genes
was significantly altered in FLiIA“"/Fli]*“™ mice, and se-
lected promoters were analyzed by ChIP using anti-Flil and
anti-GATA-1 antibodies (Fig. 5C and Table 9). ChIP analyses
of MK demonstrated that Flil was present on each of the
promoters examined, supporting the model that they are direct
transcriptional targets of Flil in vivo. In general, as was ob-
served with c-mpl, Flil and Fli1*“™ were found on each
promoter. As observed for c-mpl, anti-GATA-1 antibodies
preferentially enriched the PF4 and gpIX promoters in the Flil
cells compared to the Flil*“™ cells. Reduced GATA-1 bind-
ing in FIiI*“"™/Fli1*“"™" mice was not found for all promoters
examined. For example, the gpllb, gpV, PECAM, and CD61
promoters were bound to a similar or greater extent in the
FLi1*™|Fli1*“"™ mice. Thus, differential GATA-1 binding in
vivo was promoter specific.

DISCUSSION

In this study, we demonstrated the in vivo importance of the
carboxy-terminal regulatory (CTA) domain of Flil for normal
hematopoiesis. Removal of this domain affects MK and plate-
let development. These observations suggest previously un-
known in vivo roles of a specific functional domain of Flil in
megakaryocytic proliferation and differentiation.

The most widely used markers for examining MK differen-
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FIG. 4. Altered expression of potential Fli-1 target genes in cells of FIil*“™/Flil*“™ mutant mice. Real-time PCR quantitation of mRNA
expression. Expression levels were normalized relative to those of the hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene. Expression
of megakaryocyte-related genes in RNA prepared from total BM (A) or flow-sorted megakaryocytes (B) is shown. Each point represents the

average from biological duplicates analyzed in triplicate.

tiation are CD61, CD41, and CD42. MK differentiation is
characterized by the expression of CD61 (integrin 33) and
increased expression of CD41 (integrin alIb) (37, 50; reviewed
in reference 51), which together form a heterodimeric receptor
complex known as glycoprotein IIb/IIla (gplIb/Illa) (9, 44).
This receptor is present on the surfaces of cells of the MK
lineage from progenitor cells through platelets, and their ex-
pression levels increase as cells mature (31, 47). GplIb/IIla

functions as an adhesive for fibrinogen, fibronectin, vitronec-
tin, and von Willebrand factor (vWF) (9, 37). The expression
of CD42 (gplb, the vWF receptor) is slightly later than that of
CD41 (50); however, expression levels of the two correlate with
MK maturity (50). Thus, CD34" CD41" CD42" and CD34~
CD41% CD42™ represent more-mature MKs, while CD34*
CD41" CD42~ cells represent intermediately mature MKs.
Although the number of mature MKs is not affected, the
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TABLE 7. Real-time PCR comparison of BM mRNA from wild-type and Flil*¢74A¢T4 mice

mRNA expression

Gene

Expression ratio Double-sided

Flil wt/wt Flil ACTA/ACTA
product P value
Mean SD Mean SD ACTA/wt wt/ACTA
gpllb 6.6 0.57 2.2 0.7 0.33 3 0.001
gpV 4.4 0.09 1.9 0.05 0.43 2.32 0.0001
gpIX 7.4 1.14 2.1 0.3 0.28 3.52 0.003
CD41 2.43 0.45 2.35 0.16 0.97 1.03 0.787
CD61 0.49 0.17 0.11 0.04 0.22 4.45 0.019
P-Selectin 0.57 0.05 0.56 0 0.98 1.02 0.67
PECAM-1 4.76 1.13 1.65 0.37 0.35 2.88 0.011
NFE2 3.7 0.14 1.4 0.13 0.38 2.64 0.005
Rab27B 4.03 0.22 1.91 0.18 0.47 2.11 0.011
MAFK 1.89 0.38 2.23 0.24 1.18 0.85 0.027
MAFG 4.73 0.61 1.69 0.52 0.36 2.80 0.043
RUNX1 2.76 0.51 2.38 0.71 0.86 1.16 0.634
Tubulin B1 0.24 0.04 2.23 0.19 9.29 0.11 0.003
PU1 2.11 0.14 2 0.3 0.95 1.06 0.6
GATA-1 1.23 0.2 1.03 0.09 0.84 1.19 0.3
c-mpl 0.78 0.18 0.35 0.1 0.45 2.23 0.038
ITGB1 7.98 1.14 2.32 0.45 0.29 3.44 0.02
PF4 0.83 0.03 0.41 0.001 0.5 2.02 0.05
Flil 0.38 0.07 0.39 0.09 1.03 0.97 0.92

number of intermediately mature CD34" CD41" CD42~ MKs
was significantly increased in the FliI*“"/Fli]*“™ mice. In-
terestingly, Flil expression is monoallelic in the majority
(65%) of these intermediately mature cells (50), which may
make this population especially sensitive to Flil-regulated
pathways. Indeed, it has been suggested that this population is
affected in Jacobson syndrome (Paris-Trousseaus syndrome
[PTS]) patients, who harbor hemizygous deletions in 11q, in-
cluding Flil (50). Thus, these patients have only one copy of
the Flil gene due to a heterozygous loss of regions in chromo-
some 11 and display normal and small, immature, lysing MKs.
Lentivirus-mediated Flil expression in CD34 ™ cells restored
normal megakaryopoiesis (50). It is significant that Flil expres-

sion is monoallelic in the intermediately mature CD417"
CD42" cells but biallelic before and after this stage of
megakaryopoiesis (50). Mature megakaryopoiesis appears nor-
mal in FiI*“™/Fli1*“™ mice, perhaps due to compensation
by other Ets factors, including GA-binding protein alpha
(GABP«) (43), ERG (26, 33, 59), and to a lesser extent ETS2
(59).

Platelet number and function are impared in the Fli
Fli1*“™ mice. The absence of a significant difference in cir-
culating platelet numbers between wild-type and heterozygous
mice supports the model that Fli1*“™ is not functioning as a
dominant-negative transcription factor.

TPO is the main physiologic growth factor for MK prolifer-

IACTA/

TABLE 8. Real-time PCR comparison of Flil target gene mRNA of MKs from wild-type and Flil*“TAACTA mice

mRNA expression

Gene

Expression ratio Double-sided

Fh’]wt/wt Flil.\CTA/_\CTA
product P value
Mean SD Mean SD ACTA/wt wt/ACTA

gpllb 8.94 0.86 2.96 0.65 0.33 3.02 0.001
gpV 3.77 0.09 1.56 0.12 0.41 242 0.0001
epIX 6.65 0.98 2.44 0.26 0.37 2.73 0.002
CD41 3.86 0.31 3.47 0.39 0.9 1.11 0.309
CD61 0.97 0.29 0.56 0.08 0.58 1.73 0.0776
P-Selectin 0.48 0.05 0.45 0.02 0.94 1.07 0.389
PECAM-1 3.91 0.29 1.43 0.39 0.37 2.73 0.0027
NFE2 7.22 1.23 3.21 0.22 0.44 2.25 0.0051
Rab27B 6.12 0.97 0.94 0.07 0.15 6.51 0.0008
MAFK 0.14 0.02 0.11 0 0.79 1.27 0.0602
MAFG 3.36 0.7 0.84 0 0.25 4.00 0.0042
RUNX1 4.8 0.22 3.44 0.5 0.72 1.40 0.0125
Tubulin B1 2.81 0.37 4.83 0.8 1.72 0.58 0.0165
PU1 2.11 0.14 2 0.3 0.95 1.06 0.595
GATA-1 1.21 0.1 0.93 0.02 0.77 1.30 0.0089
c-mpl 1.05 0.13 0.55 0.1 0.52 1.91 0.061
ITGB1 9 1.68 4.12 0.37 0.46 2.18 0.011
PF4 1.4 0.07 0.47 0.05 0.34 2.98 0.001
Flil 0.85 0.09 0.88 0.13 1.04 0.97 0.758
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FIG. 5. Flil* and Fli1*“™ cooperate with GATA-1 to activate transcription of the c-mpl promoter in vitro but show differential association with
promoters in vivo. (A) HeLa cells were transfected with the indicated transcription factors (200 ng) and a c-mpl-luciferase reporter plasmid (200
ng). Relative activation of the reporter is shown. (B) Western blot analysis using polyclonal anti-Flil or anti-GATA-1 antibody on the same cell
extracts. (C) Real-time PCR analysis of ChIP products. Chromatin was prepared from wild-type or Flil*“"/Fli]*“™ MKs, and chromatin
immunoprecipitation assays were performed using anti-Flil or anti-GATA-1 antibodies or IgG (control). “Input” represented 5% total cross-
linked, reversed chromatin before immunoprecipitation. Values represent percentages of input.

ation, differentiation, and platelet production. Expression of
multiple transcription factors, including Flil, GATA-1,
RUNX]I, and NF-E2, is critical for normal megakaryopoiesis
(43, 61). GATA-1 is a zinc finger protein expressed in eryth-
rocytes, MKs, eosinophils, and mast cells. Homozygous null
mutation of GATA-1 in mice is embryonic lethal due to ane-
mia (17), while an MK-specific knockdown of these genes
results in thrombocytopenia and accumulation of immature
MKs (56). Flil and GATA-1 work synergistically to regulate
multiple megakaryocytic genes, including those encoding
gplIb, gp VI, gpIX, and gplb, and c-mpl (23). Although the MK
population from the Flil*“™/Fli]*“"* mice expresses reduced
GATA-1 mRNA, the most striking feature is the apparent
failure of the Flil*“™ protein to recruit GATA-1 to several
megakaryocytic promoters. However, TPO™~ or Mpl ™/~
mice, even with only 10% of circulating platelets present, re-
mained healthy and showed no signs of spontaneous hemor-
rhage (7). This suggested that some alternative regulators of
megakaryocytopoiesis other than TPO might exist and that
these regulators alone might be sufficient for maintaining he-
mostasis. TPO-independent megakaryocytopoiesis forms a
regulatory system that includes four signals and an unknown
signaling pathway(s). These four pathways are the gp130 (glyco-
protein 130)-dependent signaling pathway, the Notch pathway,

N-methyl-p-aspartate (NMDA) receptor-mediated signaling,
and the stromal cell-derived factor 1 (SDF-1)/fibroblast growth
factor 4 (FGF-4) paradigm (71).

RUNXI (AML1I) null embryos die at midgestation with hem-
orrhage in the central nervous system (63) similar to that
observed for Flil null animals (58). Mice with conditional
RUNX deletion have reduced platelet numbers and small
(micro-MK), hypoploid MKs (22, 45). Conversely, RUNX1
overexpression in hematopoietic cells leads to megakaryocytic
differentiation (39). A recent study has demonstrated direct
interaction between Flil and RUNXI1 during terminal
megakaryocytic differentiation (21). The observed reduced
RUNXI1 expression may contribute to the observed platelet
phenotype.

FLIA“™FL1A™ mice have significantly reduced expres-
sion of NF-E2 and MafG. NF-E2 is a bZIP DNA transcription
factor expressed in erythroid, megakaryocytic, and mast cells.
NF-E2 has been shown to regulate transcription of MK genes,
the including tubulin B1, thromboxane synthase, and Rab27b
genes (51). Homozygous loss of NF-E2 leads to neonatal le-
thality due to hemorrhage secondary to a lack of circulating
platelets (thrombocytopenia), although these mice have ele-
vated levels of MKs that express PF4 and gpIIb that fail to
mature properly (28, 57). MK progenitors from the NF-E2 null
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TABLE 9. ChIP RT-PCR analysis of Flil and GATA-1 bound to the indicated promoters

% bound
Promoter Phenotype Flil GATA-1 IgG control

Mean SD Mean SD Mean SD
gpllb Fliwvw 32.00 3.00 10.67 1.53 0.30 0.10
Fli] ACTA/ACTA 29.00 1.00 10.70 2.08 0.37 0.12
gV Fligwvwt 62.33 7.57 17.00 4.00 0.77 0.21
Fli]ACTA/ACTA 62.33 4.16 14.67 4.04 0.23 0.06
c-mpl Fliwvw 29.00 2.00 25.33 6.03 0.93 0.12
Fli] ACTA/ACTA 21.00 2.00 1.53 0.32 0.23 0.15
PF4 Fligwvwt 30.67 252 19.33 3.21 0.47 0.15
Fli]AcTA/ACTA 27.67 1.53 1.50 0.36 0.47 0.31
PECAM1 Fliwvw 18.00 2.65 10.00 0.53 1.17 0.74
Fli] ACTA/ACTA 19.33 1.53 9.33 1.53 0.43 0.15
gplIX Fligwvwt 23.33 3.21 13.00 2.00 0.60 0.36
Fli]ACTA/ACTA 17.33 4.04 2.33 0.58 0.55 0.44
CD61 Fliwvw 28.00 3.00 12.67 1.53 0.67 0.21
Fli] ACTA/ACTA 26.67 5.69 9.33 2.52 0.25 0.30

Negative control? Fligwvwt 0.09 0.01 0.003 0 0.001 0.0
Fli]ACTA/ACTA 0.03 0 0.005 0 0.0 0.0

“ Negative control: upstream gplIb region which lacks functional Ets site.

mice showed a reduced response to TPO, indicating that
NF-E2 also plays a role in the proliferation of committed MK
progenitors (32). NF-E2 functions as a heterodimer consisting
of the hematopoietic restricted 45-kDa subunit (p45) and one
of three ubiquitously expressed 18-kDa subunits (MafK and
MafG in MKs). MafG homozygous mutant mice show im-
paired platelet formation (55), and an absence of MafK en-
hances the thrombocytopenia phenotype of MafG animals due
to impaired proplatelet production, as well as an erythroid
phenotype more severe than that observed in NF-E2 mice (55).
NF-E2 null mice do not express Rab27b, and we note a sig-
nificant reduction of this mRNA in FliI*“"/Fli]*“"" mice.

The terminal phase of MK differentiation, release of plate-
lets from the MK, is dependent upon the formation of pro-
platelets. Proplatelets are cytoplasmic extensions of the MK,
and this projection requires changes in the cytoskeleton, in-
cluding activation of microtubules. The tubulin 1 gene, an
NF-E2 target gene, constitutes the major isotype present in
microtubules and is required for normal proplatelet profusion.
While B1 knockout mice have reduced platelet numbers (52),
B1 expression is increased in FliI*“"/Fli]*“" mice. In con-
trast, the observed decreased integrin 1 expression may affect
platelet adhesion, since integrins o2 and 3 form the collagen
receptor.

Flil interaction with other proteins can either be positive
(e.g., GATA-1 [14, 23], serum response factor [SRF] [10, 65],
and Pax-5 [16, 34]) or antagonistic (TEL [27, 62], EKLF [60],
and retinoic acid receptor [RAR] [11]). Although carboxy-
terminal truncation of Flil (retaining positions 1 to 375) has
been reported to not have a significant effect on DNA binding
specificity in vitro (35), the CTA domain is required for max-

imal activation of promoter-reporters, as shown by in vitro
transient-transfection studies (49).

We have previously shown that Flil*“"/Fli1*“"* mice have
decreased peripheral blood B220 cells, fewer splenic follicular
B cells, increased transitional and marginal zone B cells, and
reduced bone marrow pre-B cells compared with those of
wild-type controls (70). The CTA domain is also required for
many aspects of collagen fibrillogenesis in the skin (2). In this
study, we demonstrate that removal of this domain of Flil
reduces in vitro transcriptional activation activity measured on
the c-mpl promoter. We had previously determined that this
truncation reduces activity on the MMP1 promoter by 40 to
50% (data not shown). Consistent with these observations,
previous in vitro analyses have demonstrated that the carboxy-
terminal domain contributes to transcriptional activity and
transformation properties of EWS/Flil (1, 41). In addition to
interacting with GATA-1, Flil binding enhances the affinity of
GATA-1 for proximal binding sites (14). We found that the
presence of GATA-1 on multiple promoters was significantly
reduced in Flil*“™/Fli]*“™ BM cells in vivo, although the
effect was promoter specific. Previous in vitro studies demon-
strated that Fli-1 interacts with GATA-1 primarily through the
Ets domain, although weak interactions were observed be-
tween GATA-1 and amino acids 363 to 452 of Fli-1 (14). This
is in contrast with the results from in vitro transient-transfec-
tion studies, which demonstrated a significant effect of the
CTA domain deletion on transcriptional synergy with
GATA-1. However, the impact of the C-terminal region on
synergy with GATA-1 in vitro and recruitment of GATA-1 in
vivo is promoter dependent. Binding of other transcription
factors (e.g., Runxl [21]) may contribute to the promoter-
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specific effects observed. In addition, multiple other Ets factors
that function during megakaryopoiesis, including GABP« (43)
and ERG (26, 33, 59), may provide some redundant function
of specific promoters. Collectively, our results demonstrate
that the CTA-containing region of Flil is essential for proper
transcriptional activation in vivo.

Based upon the still-limited studies of Flil-interactive pro-
teins, several additional properties of the CTA domain may
offer additional mechanistic insights in the future. Flil is also a
partner with EKLF via its DNA binding domain and the N-
and C-terminal regions (60). Antagonistic interaction of Flil
with RAR and TEL has been mapped to its N-terminal do-
main. FLI1 and EWS-FLI1 are able to form ternary complexes
with SRF on the SRE elements of the Egr-1 (Early growth
response 1) gene. In addition to removal of the CTA domain,
the Fli1*“™ allele also lacks one of the two SBM domains
(SBM2, located between amino acids 392 and 401) required for
ternary complex formation on SRE elements (10). PAX-1
(BSAP) and Ets proteins (Flil, Etsl, and GABP«) interact
through their respective DNA binding domains (15). It re-
mains to be determined whether possible effects on these and
other Flil protein interactions alter transcriptional activities,
contributing to Flil*“T™/Fli1*“™ observed and yet-to-be-
characterized phenotypes. The CTA domain clearly has func-
tions essential in early postnatal development that may reveal
novel functions in further investigations.
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